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Abstract

Introduction

The scanning acoustic microscopy i s a powerful tool for subsurface imaging and therefore
fault detection in coated parts. In this paper
several methods are established to reveal the
imaging of hidde n structures.
First efforts were
made to find out the information depth due to
the various distances between lens and surface of
the object. By means of a specia lly developed test
specimen it was possible to estimate the penetration depth for monitoring structura l details.
The indepth analy s i s of layered composi tes i s considered by the determination of the V(z)-characteristics.
Furthermore the gain of image processing by means of Fourier transformed patterns and
simul taneous fi ltering is shown by a typical
example.

Scanning acoustic microscopy (SAM)is gaining
importance as new analytical tool for non-destructive materials testing. One of the most s ignificant
benefits of SAMis providing indepth examination
due to the sound-t ra nspare ncy of solid material
[ 1,7J forming simultaneou s ly ultrasonic images .
The present contr ibution deals with the study of
the indepth analysis and the level of information
provided by acoustic micrographs obtai ned by SAM.
The method developed by Lemons and Quate [ 5) rout ine s as follows. A radio frequency oscil l ation - formed to a pulse of defined width - is passed
through a piezoelectric
transducer which generates
ultrasonic waves of the same frequency. These
acoustic waves pas s a sapphire lens and are transformed int o spherical acoustic waves. This is
realized by means of a small concave surface at
the tip of the len s ( Fig. 1 )
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Fig. 1 SAM-reflective mode system
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An immersion medium, for example water, fills the
gap between the lens and the object in order to
provide a path for ultrasou nd propagat i on. The
acoust i c sapphi re l ens has few spherica l aberratio ns due to the magnitude rat i o of the ultra sound vel ocities of the sapphire and water. This
facilitates
the good convergence of the sound
waves on the specimen . The lateral reso l ution on
the surface is li mited by di ffractive propert i es.
The acoustic waves ref l ected by the specimen are
collected by the same acoustic lens and converted
into an electric signal by the piezoelectr i c
tra nsducer. Sui tab l e electro nic c i rcuits are used
to separate the reflected pulse from the incident
pulse and noise, and the intensity of a pixel on
the monitor (CRT) is obtained . A ful l image can
be received by scanning the specimen wi th the
mechanical ly oscillating
acoustic lens and by simultaneous perpendicular movement of the motor
driven specimen support mounted bel ow the lens .
The investigations
described are carried out with
an ultrasou nd freque ncy of 200 MHz. The immersi on
medium is distilled
water. The commercially available instrument operates for reflective optical
and scanning acoustic microscopy [ 9] .
A characteristic
parameter of SAMis the output
voltage V(z) as a function of the displacement
(z). This value is used to describe the acoust i c
material properties [ 1,5,7 ] . Focusing on the surface is defined as z=0 where the maximal value of
V(z) is obtained. A reduction of the gap between
lens and spec imen surface is indicated by negative
z-va l ues. It should be mentio ned that the z-index
val ues do not refer directly to the positions of
the reflection plane below the surface . The different intensities
recorded on the CRTare due to the
V(z)-characteristics
which depend on elastic properties of the material [ 1,5, 7] . In crystalline
solids the V(z)-graphs are also influenced by the
crystallographic
orientation [ 8] as well as by
residual stresses.
Characterization

of the Microstructure

Acoustic imaging may be useful to develop the
microstructure of unetched meta l lic objects. For
example the heat influenced zone of a r esistance
spotwelded junction shows a typical structure
revealed by means of SAM.The acoustomicrograph
( Fig .2) of the polished but unetched cross section
of the welding spot indicates the various crystal
domains in the heat affected area. It is demonstrated that the main proble m-to separate the fine
gra i ned reg i ons at the seam of the melting zone
and the dendri tic structure in the center - can be
solved easily . The benefit of non-etching and the
detection of different elastic material parameters
provide more detailed information tha n those which
can be obta i ned by means of optica l mi croscopes .

Fig . 2 Cross section of a spot welded jun ction .
The s lit s mark the in terface of t he t wo
welded sheet s. Acoustomi crograp h of t he
unetched poli s hed surf ace .
t---1
100 µm
i n coated parts [ 2,4 ] or in diffusion - bondings.
To verify informat i on about the subsurface detection it is necessary to determine the penetration
depth of acoustic wave monitoring. The analysis
of a well def in ed hidden structure seems to be a
hel pful approach to estimate the parameters menti oned above .To demonstrate t he feas i bili ty of t hi s
a mesh gr i d (nicke l ) was fixed below an al umini um
foi 1 by a cover of epoxy resin [ 6] as shown in
Fig . 3.

Indepth Analysis of Layered Composites
The transpare ncy of most
permi ts an indepth examination
showi ng hi dden defects, f l aws
the SAMproves to be used for

mater i al s to sound
of sampl es. By
or subsurface cracks
subsurface analysis
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Fig . 3 Test specimen for subsurface imaging

Nickel Grid
Epoxy Res in

The foil - thickness is 30 µm, the grid has 78. 74
mesh per cm and one gridline is 42 µm wide with
a thickne ss of about 25 µm. Fig. 4 s hows a ser i es
of acousto-micrographs at various displacement
steps .

PVC

Fig . 4b z = -80 µm, dark contrasted grid
structure of the test specimen

Fig . 4a SAMmicrograph of the test specimen,
z = 0, aluminium layer on the top.
I------<

=

100 µm

Fig. 4c z = -110 µm, bright contrasted grid
structure of the test specimen

Fig . 4d z = -190 µm, bright contrasted
sharply contoured grid pattern
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Fig. 5 Measured V(z)-characteristics:
V1 (z) 30 µm aluminium over epoxy
resin-composite
V2 (z) --- 30 µm aluminium over 25 µm
nickel mounted upon epoxy
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Fig . 8 Acoustic micrograph series of the recorded path of the copper string {Fig. 7).
Rod-diameter: 100 µm.
Series a-d: z = 0, e-h: z = -250 µm
(Area d and e are identical)
i---i=lO0µm

_J
50

z in µm

Fig. 6 Graph. dV(z)

=

Focusing on the aluminium surface ( Fig. 4a) enforces structural details of the surface like
rippling and dot marks. A dark contrasted grid
structure is visible after reduction of the gap
between lens and surface to z = -80 µm (Fig. 4b).
It should be noted that the contour of the grid
is not sharply discernible.
Inversion of the contrast i s observed after lowering the distance to
the surface to z = -110 µm (Fig. 4c) . The best
imaging conditions to observe structura l details
of the aluminium coated grid are found by a gap
reduction to z = -190 µm ( Fig. 4d). The grid
lines
are sharp ly contoured and the contrast
conditions of the micrograph allow further detections of structural details by means of image
analysis.
A first estimation of the contrast inversion
gives the evaluation of the V(z) curves of these
horizontal layered media: aluminium, nickel and
epoxy resin. Fig. 5 represents two characteris tics both carried out by V(z)-profile of aluminium (30 µm) over epoxy resin. The broken plot
(curve 2) figures the V(z)-intensities
of the
layered composite aluminium-nickel-epoxy resin.

V1(z) - V2 (z)

---;,L-- x,y-Scan

~

Fig. 7 Test specimen: embedded string
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Fig. 9a

SAM-micrographof a mesh grid covered
with a 60 µm-aluminium foil
= 100 µm

Fig . 9c

Signal blanking in the frequency
spectra of Fig. 9b

Fig. 9d Ret ransfo rmed micrograph after
frequency filtering

Fig. 9b Calculated mode of the Fourier-transformed spatial frequency distribution according to Fig . 9a

1- -

-

--1

=

100 µm

~V(z) - values . The bright contoured gr i d patter n
( Figs. 4c, 4d) corresponds with negative ~ V(z) values.

The change in contrast below z = - 75 µmis rough ly observed by comparin g both of t hes e characte ri stics . A better discrimination was obtained by
substracting the V(z) - values of curve 2 from those
of curve 1 at corresponding depth values. The
plotted diffe rence profile~
V(z) in Fig . 6 indicates the observed contrast inversion at a depth
of z = 88 µm. According to Fig . 4b the dark contrasted grid st ruc ture is due to positive signed

Estimatio n of the Maximum
Penetration Depth
Another point of interest is the determina tion of the maximumpenetration depth of the re flected acoustic waves . The following experi ment was useful to detect the penetration depth
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Mo - Bonde

coating

· Mo subsfra te

Fi g. 10 Mo-boride coating on molybdenum

Fig. 12a Dark contrasted surface cracks on the
coating, SAMmicrograph (z=0}
t-i = 100 µm

Fig. Ila SAM micrograph focu sed on the ·interface (crack marked wit h arrows )
= 100 µm

Fig. 12b Subsurface imaging at the same area
(z =-20µm) shows additional bright
contrasted crack-patterns
r--1

Fig . llb Light optical micrograph of the
corresponding surface area.
Crack spacing (of Fig. Ila} marked
with arrows
,____---< = 100 µm

Fig . 12c SAM-micrographcorresponding
Fig . 12a at z = -150 µm
,__... =

to

➔

100 µm
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in epoxy resin. This was achieved by se~uential ly
recordi ng the substructural path of an inclined
string embedded in epoxy resin ( Fig. 7) . The
string was mounted on a cylindri ca l frame under
an inclination angl e a= 3° . After embedding, the
surface of the specimen was poli shed. The acoustical image of the rod is shown in the series
( Fig . 8a-h ). Focusing on the surface (z = 0) shows
the indep th path from the in sert i on down to a
subsurface area (Fig . 8a-d ) . The reduction of the
gap, surface -l ens, to about 50 µm, i.e .
z = -250 µm, results in the enhancement of the
path (Fig. 8e-h ). Fig. 8d and 8e represent the
same area transmitted wi th different valu es of
z(z = 0, z = -250 µm). Sequentially monitoring
lead s to the detection limit (Fig . 8h) , where
the path disappears.
The total shift length ( 1) obta ined during sequentia l mapping was used for the ca l cul ation of
the penetration depth (d) with: d = 1.tan a. For
epoxy resin the estimated value was about 250 µm.

vides the detection of additional subsurface
cracks (Fig . 12b). These crack patterns are bright
contrasted and di scer nible from t he surface
cracks which remain dark contrasted at all imaging conditi ons. Muchmore reduction of the gap
between lens and specimen lead s to more inf ormation as shown in Fig. 12c. Someof the crack spacings are seamed with interference fringes due to
diffractive
properties [ 10]. These fringes are
raised by interaction with surface waves. Therefore only surface cracks are decorated with fringes
and can be distinguished from subsurface cracks.
The bright areas centered in the cracki ng structure are probable due to separations of layer
and substrate.
Conclusions
The detection of subsurface structures can
be realized by means of SAM.The operating conditions, 200 MHzand distilled water as immersion
medium, lead to a wide range of applications .
Necessary information of the lateral resolution
and the penetration depth are obtained by recording well known patterns with defined spacings.
For calibrating the system, the implantation of
test grids may be useful. As shown in the
Figs. 4-6, the operating conditions for obtaining
optimal contrasted mappings can be determined by
plotting the V(z)-curves at different areas .
These curves depend on the gap between lens and
specimen in a si gnificant manner and are very
sensit ive t o elastic-material-parameters.
The
Figs. 4 and 9 indicate that the subsurface- lateral-resolution
seems to be le ss than 40 µm, which
is the string-diameter
of the test-grid-lines.
These features may be a basic tool to determine
quantitatively
the str uctural details due to prese lected analysis depths. To obta in inf ormatio n
about the interface between coatings and base material when testing coated parts by means of SAM
the evaluation of the contrast-conditions
at
various depths is necessary. This can be realized
either by standard material calibrations
or by
computer aided calculations of the V(z)-characteristics,
if the materials consta nt s due to
sound transmission are available.
Summary

Image Analysis
The acoustomicrograph of the mapped transmitted and reflected acoustic signa l contai ns all
structural details detected during transition
through the media. In many cases the determinati?n
of substructural details raises a l ot of uncertain ties. By use of image processing it is possible
to suppress unsuitable structures superposed on
the object of interest .
A method for erasing disturbing structures
was achieved through the application of frequency filteri ng. Fig. 9a is the acoustomicrograph of
a test specimen described above (Fig . 3). The object, a mesh grid (39.37 mesh per cm) was covered
with a 60 µm cold rolled aluminium foil. This foil
generates a superposed stripe-pattern
due to the
rippled surface.
Fig . 9b shows the spatial frequency p~tter~ ob!ained by Fourier-transformation.
The bright inclined
diffraction-string,
up from lef t to right, ~s due
to the periodicity of the rippling marks (Fig. 9a).
The spatial frequencies due to the shadowing
stripes are blanked out as shown in Fig. 9c.
The retransformed micrograph (Fig . 9d) shows the
enhanced unshadowed grid structure.

Scanning acoustic microscopy (SAM) has been
tested for the characterization
of subsurface
structures.
The intention of the investigation
was the non-destructive testing of thin surface
coatings as used for metals protection. Therefore it was necessary to obtain two importa nt
information s which characterize the validity of
the SAM
- system at working conditions of 200 MHz
and distilled
water as immersion medium. These
conditions are chosen because of simple experimental arrangements gaining sufficient resolving
power.
To obtain the penetration depth of the ultrasound waves in metallic mater i als a specia ll y developed spec i men was tested. This horizonta l layered composite consists of an aluminium coat in g
and a nickel grid mounted below the aluminiumfoil. The grid detection at various steps of indepth analysis showed the depth -dependence of the

Crack Detecti on in Surface Layers
A boride-layer on a molybdenumsheet (Fig .I O)
was examined by SAM.The 10 µm monophasic layer
consists mainly of MoB
. As predicted _by various
theories [ 3] , cracking 2starts at the interface
of the hard layer and the ductile substrate.
By indepth focused acoust i c wave monitoring a network of cracks is observed as a bright contrasted
pattern ( Fig. Ila ) . A comparison with light optical observations (Fig. llb ) proves that the
cracks detected in Fig. Ila by means of SAMare
below the surface.
Furthermore a spec imen of the same type but loaded with surface cracks was tested by SAM
( Fig. 12a-c ).
The cracks detected by focal adjustment on the
surface are dark contrasted (Fig. 12a). Subsurface
imaging by indep th focused wave monitoring pro -
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contrast conditions. The material-dependent contrast conditions are due to the spacing of lens
and specimen as shown by a series of acoustomicrographs. A comparison with the corresponding V(z)characteristic s indicated the existence of contrast inversion due to the focusing depth. The
maximumpenetration depth of 250 µm was obtained
by measuring the path length of an inclined
string embedded in epoxy resin.
The erasing of unsuitable structures was
realized by use of frequency filtering.
As shown
for example the hidden gridstructure
shadowed by
the surface pattern of a rippled aluminium coat ing was restored by means of this technique.
Surface examination of boride coated molybdenum by SAMdemonstrated the detectability
of
subsurface cracks at the interface of layer and
substrate. The contrast-inversion
and the interference fringes on surface cracks al l ow these paration of subsurface cracks.

This position is defined by the value z=O. Atalar's
theory shows that the geometrical paraxial focus
does not correspond to that point of maximumsignal detection (dependin g on the material of the
specimen this difference can reach some microns
at a working frequency of 200 MHz). While focusing
into the object, i.e. changing the gap to negative
z-values, the beam is disturbed by overlapped
structures in a lower depth than the focusing
"plane" of the reflected acoustic wave. Especially
structures close to -or in- the surface raise
superposed structures which suppress the signal
of interest.
The reason why surface structures
then appear to be sharp is not totally understood
yet. It might be the change in the gap size due
to the roughness of the surface raising this effect. As you see in the V(z)-curves ( Fig. 5),
there is a high gradient at many values of z.
That produces an additional contrast between
the heights and depths due to the rippled surface
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media" Academic Press ( 1980); T. Kundu, A.K. Mal,
R.D. Weg lein, J. Acoust. Soc. Am. 77 (2),
353-359). Based upon Atalar's formula we have developed a computer program for the ca lcul at ion of
the reflective function of a system of horizontal
layered isotropic media. Corre spondi ng to Fig. 5
( 1) water - (30 µm)aluminium-epoxy resin
(2) water - (30 µm)a lu minium-nic kel.
The re sults obta ined are plotted in the fo llowin g
V(z)-indepth characteristics
(Fig. 13). The solid
line (system 1) is in good correspondence with the
measured curve in Fig. 5 regarding the negative
z- value s . The different locations of the mini ma
might resu l t from deviations in the materials
parameters (densi ty, l ongitudina l and transversal
sound vel ocity , attenuation of the wave modes in
each component, thickness of the layer ). The
br oken line (sys tem 2) shows more differences to
0
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Fig. 13 Calculated V(z)-curves:

solid line:
(30 µm-)aluminium-epoxy resin, broken line:
(30 µm-)aluminium-nickel

the measured characteristic
( Fig. 5) . Our opi ni on
is, supported by our calcu l at i ons that onl y the
elast i c parameters are involved i n a good approximation while forming the V(z)-characteristics.
The ca l culat ed plots are obtained by limi t ing the
geometrica l conditi ons. Therefore the theory implicates the hor i zontal in f in ite extensio n of the
layered composi tes. By use of this model vert i ca l
boundaries are not taken in considerat i on.
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